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In the rabbit heart, multiple isoforms of cardiac troponin T (cTnT, through cTnTs, from largest in size to smallest), a protein essential for calcium-regulated myofibrillar ATPase activity, have been identified, and a correlation has been found between these isoforms and myofilament sensitivity to calcium. We have sought to establish the molecular basis of this diversity.
Restriction-digest analysis of genomic DNA has indicated that the rabbit cTnT gene is a single-copy gene. cTnT cDNA clones were isolated from cDNA libraries, yielding a consensus sequence for the protein. Newborn rabbit heart cDNAs, obtained using the reverse-transcriptase polymerase chain reaction (RT-PCR), were amplified using primers derived from this cDNA. Three full-length cDNAs that differed by the inclusion or exclusion of three short nucleotide sequences within the cDNAs were obtained. Amplification in the 5' half of the cDNAs confirmed that multiple cTnT products arose because of the variable inclusion of an 18-and a 30-nt sequence. The 30-nt sequence has homology with previously described alternatively spliced exons in rat and chicken cTnT, whereas the 18-nt sequence has not been described previously. RT-PCR in the 3' half of the cDNAs confirmed an additional region of heteroge-T roponin T (TnT), essential for calcium-regulated myofibrillar ATPase activity, binds with troponins l and C to make the thin-filament regulatory complex, troponin.1-3 Multiple isoforms of cardiac TnT (cTnT) have been identified at the protein level in rabbit,4 chicken,5 human,6 dog, guinea pig,7 rat,5,8-'0 and cow," although to date only two cTnT isoforms have been identified at the message level.12"13 This is in contrast to the fast skeletal muscle gene, where cDNA analyses have suggested the possibility of up to 64 isoforms being produced through alternative splicing of a single TnT primary transcript.14 In the present study, we have evaluated the molecular basis for the developmentally regulated cTnT isoform heterogeneity in rabbit hearts.
We have previously purified five TnT isoforms from rabbit heart4 and demonstrated a maturational change in their relative expression4'5 that has been confirmed subsequently. 16"7 The relative amount of the isoform cTnT2, a common isoform in the newborn heart, has been shown to be positively correlated with the sensitivity of the myofilaments to calcium. 16 In rabbit myocardium, McAuliffe et al17 have demonstrated a developmental change in a functionally important property, myofilament calcium binding, that correlated with the developmental change in cTnT isoforms. Myofilaments containing a relatively greater amount of a high molecular weight cTnT isoform bound less calcium to myofibrillar TnC than myofilaments, isolated from older rabbits, that did not contain the high molecular weight cTnT.
The present investigation reports the sequences of four rabbit cTnT cDNA isoforms. The four cDNAs differ by the inclusion or exclusion of one, or both, of two short exons. We show for the first time in any species that the in vitro transcribed and translated products of the TnT cDNAs comigrate with native cTnT proteins. In addition, variability in the 3' region was also identified. We have found that these isoforms are the products of a single cTnT gene. Therefore, it appears that alternative splicing of two exons in the NH2-terminal half of the coding region in the primary transcript generates four rabbit cTnT isoforms. The presence of the 3' region of heterogeneity provides the potential for 12 isoforms; a possible reason that 12 isoforms have not been observed at the protein level will be discussed. The previously demonstrated correlation between rabbit cTnT isoforms and myofilament sensitivity to calcium16 and the sequence differences among the isoforms suggest that the 10-residue N-terminus peptide, encoded by one of the alternatively spliced exons identified in the present study, is functionally important. 
Materials and Methods

Western Blots
Ventricular myocardial proteins from hearts of 3-day-old rabbits, TnT purified from hearts of 5-week-to 3-month-old rabbits, and the in vitro transcribed and`S-translated products of the four rabbit cTnT cDNAs were separated in a 7.5% polyacrylamide gel by SDS-polyacrylamide gel electrophoresis and blotted with Mab 13-11,7 as previously described.12 After development with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate, the membrane was exposed to autoradiographic film.
A polyclonal antisera was raised against the 10-residue sequence encoded by the alternatively spliced 30-nt sequence, using the synthetic peptide KGGEEDWREDEDE linked to hemocyanin, as previously described. 15 Genomic DNA Analysis Genomic DNA was isolated from newborn rabbit liver. '9 DNA aliquots (15 jig) were digested overnight with one of four restriction enzymes (Pvu II, Pst I, Bgl II, or BamHI). The reaction products were separated on a 0.8% agarose gel, transferred onto nitrocellulose,'9 and hybridized to 150-nt (nt 818 to 968) or 127-nt (nt 1 to 127) TnT probes at 65°C in 1 mol/L NaCl. The 3' probe was generated by amplifying the rabbit TnT cDNA with oligonucleotide primers (o2790 and o2791, see Fig 3, left) by PCR.20 The 5' probe was generated similarly. After amplification, the products were resolved with a 1% agarose gel and purified with Mermaid (BiolOl, La Jolla, Calif). Approximately 200 ng each of the amplified fragments was randomly primed with hexamer and labeled with [la-2P]dCTP (ICN Biomedicals) using Klenow DNA polymerase (Promega). Unincorporated nucleotides were removed by passing the synthesis reaction over a Sephadex G-50 column.
RT-PCR and Cloning
Total RNA was isolated from newborn rabbit hearts as previously described.2' RNA (2.5 pg) was primed with oligo dT, and cDNA was synthesized using AMV reverse transcriptase (Promega) at 37°C for 1 hour, according to the manufacturer's protocol. PCR20 was performed on the newly synthesized cDNAs with Taq DNA polymerase (Promega) and synthetic oligonucleotide primers that correspond to the TnT4 cDNA sequences. Samples were denatured at 94°C for 1 minute, annealed to the primers for 2 minutes at 55°C, and extended at 72°C for 3 minutes for a total of 25 cycles. Reaction products were separated on 3% NuSieve (FMC Bioproducts, Rockland, Me) and 1% agarose gels (United States Biochemicals, Cleveland, Ohio).
The RT-PCR reaction products, using oB14 and o2367, were excised from the gels, reamplified by PCR, cleaved at Xba I and Xho II restriction sites carried by the primers, and cloned into pBluescript K/S+ (Stratagene). Three full-length TnT cDNAs generated by RT-PCR using oligos o217 and o2789 and 3' RT-PCR products generated using o2793 and o2820 (see Results cDNA Isolation and Characterization A 1.3-kb cDNA clone was isolated from an adult heart cDNA AgtlO library, using a chicken cTnT cDNA coding segment. The isolate contained 19 nt of the 5' noncoding region, the coding region for aa 1 to 189 of rabbit cTnT (based on the protein sequence of Pearlstone et a122), and a premature stop codon followed by an unrelated sequence. This cDNA was used to identify additional clones in a newborn rabbit heart cDNA library. A 1.6-kb clone contained the coding region for amino acids 4 to 284 and 171 nt of the 3' noncoding region, which included a poly(A) addition site and a short poly(A) tail. The consensus between the two cDNA clones was a coding region of 855 nt, encoding a protein of 284 amino acid residues (Fig 1) .
Corroboration of the TnT cDNA sequence was provided by analysis of three full-length cDNAs obtained by RT-PCR. The predicted protein sequence of the consensus region matched the primary sequence of a rabbit cTnT isoform obtained by Edman degradation by Pearlstone et al,22 with a few discrepancies (Fig 1) . Possible allelic changes of single residues were found at amino acids 123 and 131. Aspartic acid replaces glutamic acid at 123, a conservative change. Chicken, rat, cow, and sheep cTnT also have an aspartic acid in this position."1-13,23 An aspartic acid replaces a glutamic acid at 131, a conservative change, whereas chicken, rat, cow, and sheep cTnT have a glutamic acid at that position."-13,23 In addition, the predicted sequence in- (Fig 2) with a short 3' cDNA probe spanning aa 236 to 284 (Fig 3, left) . For Fig 3, left) . The otherwise identical in sequence, exhibited variability in three discrete regions, two located in the 5' half of the cDNA and one in the 3' half. These regional differences were examined further with RT-PCR reactions designed to cover the entire coding region of the cDNAs. The three regions of heterogeneity defined with this method, and described below, are the same as those found in the full-length RT-PCR-derived cDNAs.
Two primer pairs spanning approximately the same region of the cDNA (o217xo2792 and oB14xo2367; see Fig 3, left) yielded multiple PCR products from total heart cDNA (Fig 3, right) . The sizes of the shortest products matched those obtained with cTnT4 cDNA as template (Fig 3, right) . The RT-PCR reaction (oB14xo2367) was performed twice, and products from each reaction were gel-purified and cloned into pBluescript II K/S+. Sequence analysis of some of the cloned products revealed that, although the various amplified cTnT segments had common termini, there were two internal sequences (Fig 4) not present in cTnT4 cDNA. The novel sequences were 18 and 30 nt in length, encoding peptides intervening between aa 15 to 16 and aa 16 to 17 of cTnT4, respectively. Four types of PCR products were identified, differing in the presence of both, the absence of both, or either of the 18-and 30-nt exons (see Fig 4) ; the splicing of the two exons appeared to be independent of each other. A total of 13 clones, derived from three RT-PCR reactions, were sequenced: five clones contained both the 18-and 30-nt regions, three clones contained the 30-nt region alone, 3 clones contained the 18-nt region alone, and 2 clones contained neither novel region. With the exception of the 18-and 30-nt inserts, the nucleotide sequences of the three types of RT-PCR products were identical to those of the consensus cTnT cDNA for over 300 nt. Interestingly, the 18-and 30-nt regions appear to be separated by a single codon that is also present in clones containing one or neither of the flanking exons (Fig 4) . This suggests that the codon (encoding glutamic acid) represents a constitutive single-amino-acid exon. Chicken, rat, bovine, and sheep cardiac TnT isoforms all have a glutamic acid residue at this position (Fig 5) . Sequence analysis of two of the full-length clones we obtained by RT-PCR revealed that the cDNAs containing both the 18-and 30-nt exons and the 30-nt exon alone (TnT, and TnT, respectively) retained the last 6 nt of the 3' exon. The full-length RT-PCR product corresponding to TnT4, as well as the TnT4 clone isolated from the cDNA library, retained the entire 9 nt of the 3' exon. Many full-length cDNAs would have to be sequenced to determine the splicing relation between the 3' and 5' exons.
In Vitro Expression of cDNAs Containing Novel Sequence Inserts
Four full-length cDNAs were expressed in vitro. The eDNA whose product comigrated with cTnT4 was derived from the two cDNAs isolated from the two eDNA libraries. This eDNA contained the 9-nt sequence that had been found to be expressed variably. The cDNAs yielding products with electrophoretic mobilities of eTnT, and cTnT3 were obtained by ligating the 5' sequences containing both the 30-and 18-nt regions or the 18-nt region alone in frame to the remainder of the eTnT4 sequence. The cDNA containing the 30-nt sequence and lacking the 18-nt sequence yielded a protein that migrated with cTnT2; this cDNA was a full-length TnT RT-PCR product obtained using oligonucleotide primers o217 and o2789 (Fig 3, left) . The comigration of the translated products of these four cDNAs with the native isoforms contained in myofilaments is illustrated in Fig 6. A polyclonal antisera was raised against the 10-residue sequence encoded by the alternatively spliced 30-nt exon, using the synthetic peptide KGGEEDWREDEDE. This antisera reacted with TnT, and TnT2 in myocardial homogenates, indicating that those isoforms contain the 10-residue sequence, whereas TnT3 and TnT4 do not (see Fig 6C) . We were unable to raise an antibody against the 6-residue peptide, AEEAAA, encoded by the alternatively spliced 18-nt sequence, because of its apparent lack of antigenicity. This conclusion is supported by the observation that the sera raised against the short synthetic peptide did not react with the peptide on slot blots, whereas the antisera raised against the longer peptide reacted positively with its peptide. Discussion
In the present study, we demonstrate the molecular basis for, and the sequence differences among, four rabbit cTnT isoforms that have been identified previdiscrete products, the largest of which comigrated with 4 (PCR) , that was used to generate a probe for genomic Southern analysis. B, Reverse-transcriptase PCR of adult heart total RNA and PCR of full-length cardiac troponin T4 cDNA (see Fig 1) with two pairs of primers corresponding to the NH2-terminal region result in multiple species. Products were resolved by electrophoresis in 3% NuSieve plus 1 % agarose gels: lanes 1 and 3 correspond to reverse-transcriptase PCR products of total RNA with oligonucleotide pairs o217xo2792 and oB14xo2367, respectively; lanes 2 and 4 contain PCR products of cardiac troponin T4 obtained with oligonucleotides o217xo2792 and oB14xo2367, respectively. The products of the latter two reactions comigrated with the lower bands of lanes 1 and 3.
cDNA, lacking two 5' exons identified in the study, encodes the predominant isoform of the adult rabbit heart, cTnT4.4415 cDNAs containing the 18-and 30-nt exons, the 30-nt exon, and the 18-nt exon encode proteins that comigrate with cTnT, cTnT2, and cTnT3, respectively. The presence of the 10-residue peptide, encoded by the 30-nt exon, in cTnT, and cTnT2 was further confirmed with polyclonal antisera raised against a synthetic peptide, corresponding to the 10-aa sequence. These findings support our conclusion that alternative independent splicing of two exons yields four rabbit cTnT isoforms, cTnT1 through cTnT4. We have also identified a smaller region of variability in the 3' half of cTnT transcripts. This 3' microregion (CAGGCCCAG) can be processed in three ways: the entire region of 9 nt is either included or excluded, or, perhaps because of the use of an internal acceptor site, only the last 6 nt of this region are included in the message. We have not sequenced enough full-length clones to determine the splicing relation between the 3' Analysis of cDNA from rat and chicken heart has shown that two cTnT mRNAs are expressed in a developmentally regulated manner. The transcripts differ by the presence or absence of a 30-nt exon that would encode a highly acidic stretch of 10 amino acids. Interestingly, the 30-nt exon identified in the rabbit cTnT encodes 10 amino acids, EEDWREDEDE, which are very similar in sequence to the alternatively spliced rat (EDWSEEEEDE) and chicken (EEEEWLEEDD) exons. This domain must be of functional significance to TnT, since it has been conserved across class boundaries (ie, chicken, rat, and rabbit). Another rabbit TnT exon identified in the present study encodes 6 amino acids, AEEAAA. A similar region is not encoded by chicken and rat TnT mRNA sequences. However, this peptide sequence is similar in character to that encoded by an alternatively spliced exon (EAAEE) in bovine cardiac TnT and to a protein sequence deduced from a sheep cTnT cDNA (Fig 5) . Thus, the inclusion or exclusion of this second exon may be a way to increase TnT variability in three mammalian species.
The functional significance of these NHI-terminal exons remains to be established. However, several biochemical and biophysical studies provide evidence that the diversity of TnT cardiac isoforms has functional significance. First, evidence for a functional effect of the alternatively spliced 5-residue sequence (EAAEE) in cows has been provided with a reconstituted myofibrillar protein preparation.26 The smaller TnT isoform, which lacks the sequence, requires less calcium to activate ATPase activity, resulting in a small but significant shift in the pCa at half-maximal ATPase activation. 26 Second, a correlation has been found between a change in human cTnT isoform expression and heart failure and myofibrillar ATPase activity.6 In addition, an increase in rabbit cardiac myofilament calcium binding has been attributed to the developmental decrease in expression of cTnT2 and the increase of cTnT4. 17 The sequence difference among the rabbit cTnT isoforms is relevant to the findings of a biophysical study that found a positive correlation between the relative amount of cTnT2 contained in the myofilaments and their sensitivity to calcium.'3 The greater the relative amount of cTnT2 in the preparations, the more sensitive the myofilaments were to calcium. These results and those of the myofilament calcium-binding experiments'7 suggest that the 10-residue peptide encoded by the novel 30-nt exon plays a functional role in myofilament function.
TnT attaches to tropomyosin at two sites.27-29 The calcium-insensitive binding region involves residues near the NH2-terminal region of TnT, a linkage that is important in maintaining the cooperativity of thinfilament proteins. In skeletal muscle, Pan et a129 have demonstrated that, although removing the amino-termi- . The products were loaded with a mixture of myofibrillar preparations from hearts of 3-day-old and adult rabbits on 7.5% polyacrylamide gels, resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to Immobilon (Millipore, Bedford, Mass). The immunoblot was probed with monoclonal antibody 13-11, developed with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Sigma Chemical Co, St Louis, Mo), and then exposed to x-ray film. In A, the film on the blot was superimposed and photographed: lanes a, b, c, and d were loaded with products obtained using cDNA containing the 18-and 30-nt sequences, cDNA containing the 30-nt sequence, cDNA containing the 18-nt sequence, and a cDNA containing neither of these sequences, respectively. In B, the autoradiograph was slid toward the left side of the panel, and the superimposed blot and film were rephotographed. The results show that cDNA clones containing both, either, or neither of the 18-or 30-nt exons have electrophoretic mobilities similar to the native cardiac TnT isoforms, TnTl, TnT2, TnT3, and TnT4, respectively. C, Western blots of myofibrillar preparations from the hearts of 3-day-old rabbits are shown. Polyclonal antiserum against the synthetic peptide (KGGEEDWREDEDE) whose sequence is encoded by the 30-nt exon was used in lanes a and b, and monoclonal antibody 13 , which recognizes a cardiac-specific epitope, was used in lane c. All three lanes are loaded with a mixture of myofibrillar preparations from hearts of 3-day-old and adult rabbits. In lane a, the polyclonal antiserum was preabsorbed with the synthetic peptide. In lane b, the polyclonal antiserum recognizes its epitope in TnT, and TnT2. In lane c, the four cardiac TnT isoforms, recognized by monoclonal antibody 13-11, are numbered 1 through 4. nal 45 residues of fast skeletal muscle TnT is not critical to calcium-regulated ATPase activity, the truncated TnT binds more strongly to tropomyosin than does the full-length molecule. This effect, coupled with the effect of heterogeneity in the amino-terminal region of bovine TnT26 and the apparent biophysical difference between rabbit cardiac TnT2 and TnT4,16 suggests that the amino terminus affects TnT-tropomyosin interaction. Although the region of hypervariability may not participate directly in this interaction, the changes in charge and protein configuration brought on by inclusion or exclusion of certain regions could affect long-range interactions such as calcium-sensitive TnT-tropomyosin binding26 and even TnC-calcium affinity.17 This uncertainty will be answered in the future, with additional experiments on the effect of the various TnT isoforms on protein-protein interactions within the myofibril.
